Background {#Sec1}
==========

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in males and the second most commonly diagnosed cancer in females \[[@CR1]\]. The CRC death rates have been decreasing in several Western countries \[[@CR2]\], largely resulting from improved treatment, increased awareness and early detection \[[@CR3]\]. However, an estimated 608,700 deaths have still occurred, making CRC the fourth leading cause of cancer deaths in males and the third leading cause of cancer deaths in females \[[@CR1]\]. The poor prognosis of CRC is associated with tumour invasion and metastasis, which often leads to therapeutic failure. Recently, it has been reported that some loss of cell-cell adhesion may be important for the development of CRC invasion and metastasis \[[@CR4], [@CR5]\].

Vinculin is a ubiquitously expressed, actin-binding protein that localises to the cytoplasmic face of integrin-mediated cell-extracellular matrix junctions (focal adhesions) and cadherin-mediated cell-cell junctions \[[@CR6]\]. Normally, vinculin plays a key role in focal adhesion formation \[[@CR7]\], cell proliferation \[[@CR8]\] and regulation of the actin cytoskeleton \[[@CR9], [@CR10]\]. Loss of vinculin has been found in the development of many cancers, such as squamous carcinoma \[[@CR11], [@CR12]\], rhabdomyosarcoma \[[@CR13]\] and breast cancer \[[@CR14]\], implying that vinculin may have anti-tumour effects. Recent studies confirmed this finding, as vinculin inhibited multiple processes associated with malignant tumours, including invasion, metastasis and apoptosis \[[@CR8], [@CR15]\]. Specifically, overexpression of vinculin caused reduced cell migration, whereas knockdown of vinculin enhanced cell motility \[[@CR16]--[@CR18]\]. Researchers also found that vinculin-null cells had upregulated activity of extracellular signal-regulated kinase (ERK), leading to enhanced survival and motility, which are important for metastasis \[[@CR8]\]. In addition, low levels of vinculin may predict poor survival in squamous cell cancer \[[@CR12]\], but the biological role of vinculin and its prognostic value in CRC have not been fully investigated.

Vinculin activation is a key event in its coordination with focal adhesion formation, which is important for the suppression of cell mobility. This activation requires various binding partners, such as talin \[[@CR19]\], α-actinin \[[@CR20]\], α-catenin \[[@CR21]\], β-catenin \[[@CR22]\] and paxillin \[[@CR8]\], to unmask the binding sites of vinculin and continue its localisation to focal adhesions. Because it is an important cell-cell adhesion protein, β-catenin can bind to vinculin to stabilise E-cadherin (E-cad) at the cell surface \[[@CR22], [@CR23]\]. This important stabilising function requires the binding of vinculin to the N-terminus of β-catenin \[[@CR23]\], which can bind a number of proteins that regulate the transition of cancer cells from an epithelial to a more mesenchymal phenotype \[[@CR24], [@CR25]\]. Recently, the epithelial-mesenchymal transition (EMT), a critical process in tumour invasion and metastasis, was found to be associated with the translocation of β-catenin from the membrane to the nucleus \[[@CR26]\]. Upregulated levels of β-catenin in the nuclei of CRC cells were found to induce the activity of the transcription factor ZEB1, leading to EMT and a more invasive phenotype \[[@CR27]\]. The EMT process is characterised by decreased levels of epithelial cell-cell adhesion molecules, such as E-cad \[[@CR28]\], and increased levels of mesenchymal cell-cell adhesion molecules, such as vimentin (VIM) \[[@CR29]\]. In addition, reduced membrane-bound β-catenin expression and increased cytoplasmic E-cad expression predict poor survival in gastric cancer \[[@CR30]\]. Decreased levels of β-catenin and E-cad on the cell membrane were also observed in CRC in a recent study \[[@CR31]\]. Based on these findings and our results that reveal the diminished levels of vinculin in CRC, we hypothesised that the loss of vinculin and β-catenin at the cell surface could be advantageous for the development of EMT and metastasis and may predict poor survival in CRC patients.

In this study, we investigated the biological function of vinculin and its prognostic value in CRC. We identified significant downregulation of vinculin in metastatic CRC cells and tissues. Furthermore, restoration of vinculin suppresses CRC metastasis *in vitro* and *in vivo*, whereas loss of vinculin promotes CRC invasion and migration. In addition, we found that vinculin may regulate CRC invasion and migration at least partially through β-catenin. We further verified the positive correlation between the expression of vinculin and membrane-bound β-catenin and their correlation with an EMT indicator. More importantly, our data provide novel evidence that vinculin and membrane-bound β-catenin expression can serve as predictive biomarkers of poor prognosis in CRC patients.

Results {#Sec2}
=======

Vinculin expression is downregulated in CRC cell lines and inversely correlated with CRC metastasis {#Sec3}
---------------------------------------------------------------------------------------------------

To examine the significance of vinculin in CRC carcinogenesis, we measured the expression of vinculin in five human CRC cell lines (HCT116, Caco2, HT29, SW620 and SW480) and in HIEC, an immortalised colon epithelial cell line. Western blotting showed that vinculin expression was significantly decreased in all five CRC cell lines compared with HIEC (Figure  [1](#Fig1){ref-type="fig"}A). Interestingly, compared with SW480, vinculin expression was significantly decreased in SW620, a cell line established from the lymph node metastasis of the same patient as SW480 \[[@CR32]\]. qRT-PCR also showed that mRNA expression of vinculin was relatively lost in various CRC cell lines (Figure  [1](#Fig1){ref-type="fig"}B). Furthermore, tissues from lymph node metastases expressed lower levels of vinculin compared with primary CRC tissues and the adjacent normal tissues, indicating the inverse relationship between the expression of vinculin and the metastatic status of CRC tissues (Figure  [1](#Fig1){ref-type="fig"}C, D). Taken together, these results suggest that downregulation of vinculin is correlated with increased CRC metastasis and that vinculin might inhibit CRC progression.Figure 1**Expression of vinculin in CRC cell lines and tissue samples. (A)** The expression level of vinculin in five CRC cell lines and HIEC cells was measured by western blotting and quantified using Quantity One v4.6.2 software (one of three similar blots is shown). β-actin was used as a loading control. **(B)** The mRNA level of vinculin in five CRC cell lines and HIEC cells was measured by qRT--PCR using GAPDH as an internal control. **(C)** The expression of vinculin in adjacent non-cancerous colon tissues (N), primary CRC tissues (C) and lymph node metastatic tissues (M) from 6 patients was examined by western blotting. **(D)** The mRNA level of vinculin in paired tissues was measured using qRT-PCR. Vinculin expression was determined in tumour tissue relative to the patient's adjacent normal tissue, and the relative expression of vinculin in the CRC cell lines was normalised to that in HIEC cells. Each sample was analysed in triplicate (\*P \< 0.05, \*\*P \< 0.01).

Vinculin suppresses CRC cell invasion and metastasis *in vitro*and *in vivo* {#Sec4}
----------------------------------------------------------------------------

To investigate whether vinculin regulates CRC cell invasion and migration, we performed *in vitro* gain-of-function analyses by overexpressing vinculin with a lentiviral vector encoding vinculin in SW620 cells. Conversely, SW480 cells were transfected with lentiviral vectors encoding vinculin siRNA or control siRNA. After cell transfection and antibiotic screening for 6 weeks, extracts from SW480 and SW620 cells transfected with the vinculin vector, siRNA or control vector were submitted to western blotting and compared (Figure  [2](#Fig2){ref-type="fig"}A, B). Transwell assays showed that ectopic expression of vinculin significantly suppressed the invasion and migration of SW620 cells (Figure  [2](#Fig2){ref-type="fig"}C). In contrast, the migration and invasion of SW480 cells sharply increased when endogenous vinculin was silenced by siRNA (Figure  [2](#Fig2){ref-type="fig"}D). These results suggest that vinculin suppresses CRC cell invasion and migration *in vitro*.Figure 2**Vinculin suppresses CRC cell invasion and metastasis** ***in vitro*** **and** ***in vivo*** **. (A)** Western blot showing vinculin expression in SW620 cells infected with lentiviral vector encoding vinculin and in SW480 cells infected with vinculin siRNA **(B)**. β-actin was used as an internal control. **(C)** Transwell migration and invasion assays using SW620 cells stably expressing vinculin or control vector. Representative images are shown on the left, and the quantification of 10 randomly selected fields is shown on the right. **(D)** Transwell migration and invasion assays using SW480 cells stably infected with vinculin siRNA or control siRNA. **(E)** Representative H&E staining of livers and lungs isolated from mice that received injections of SW620-control-vector or SW620-vinculin-vector cells. Black arrows indicate metastatic intrahepatic or lung tumours. The incidences of liver and lung metastasis in 10 mice are presented on the right. **(F)** Representative H&E staining of livers and lungs isolated from mice that received injections of SW480-control-siRNA or SW480-vinculin-siRNA cells.

To further validate whether vinculin could regulate the metastatic phenotype of CRC *in vivo*, we injected SW620-vinculin cells, which stably express vinculin, into nude mice through the lateral tail vein. Liver and lung metastasis of CRC was apparent in mice injected with SW620-vinculin-control cells, while few metastatic tumours were detected in mice injected with SW620-vinculin cells (Figure  [2](#Fig2){ref-type="fig"}E). In contrast, inhibition of vinculin in SW480 cells increased the rate of metastasis to liver and lung (Figure  [2](#Fig2){ref-type="fig"}F). Taken together, these results indicate that vinculin has a suppressor role in CRC metastasis.

Vinculin regulates CRC metastasis through β-catenin {#Sec5}
---------------------------------------------------

To understand the underlying molecular mechanism by which vinculin suppresses CRC invasion and metastasis, we further investigated whether β-catenin, an important binding partner of vinculin and a key activator of cancer malignant phenotypes, was involved in this process. Immunofluorescence assays showed that β-catenin was primarily located in the plasma membrane in SW480 cells; however, following vinculin siRNA infection, β-catenin showed less localisation in the nucleus and instead localised in the nucleus and cytoplasm (Figure  [3](#Fig3){ref-type="fig"}A). On the other hand, the expression of membrane-bound β-catenin in SW620 cells significantly increased after vinculin restoration, while nuclear β-catenin was almost absent (Figure  [3](#Fig3){ref-type="fig"}B).

To further verify whether β-catenin accounted for the change in CRC invasion and metastasis induced by vinculin, we transfected β-catenin siRNA into SW480 cells previously transfected with the vinculin siRNA vector. Transwell assays showed that the β-catenin siRNA significantly reduced vinculin-siRNA-induced CRC cell invasion and migration (Figure  [3](#Fig3){ref-type="fig"}C). By contrast, restoration of β-catenin significantly abrogated the inhibition of invasion and migration that was induced by vinculin overexpression in SW620 cells (Figure  [3](#Fig3){ref-type="fig"}D). Collectively, these results suggest that vinculin may regulate CRC invasion and migration at least partially through β-catenin.Figure 3**Vinculin regulates CRC metastasis via β-catenin. (A)** Immunofluorescence analysis of β-catenin (green) in SW480 cells infected with vinculin or control siRNA. Merged images represent overlays of β-catenin (green) and nuclear staining by DAPI (red). **(B)** Immunofluorescence analysis of β-catenin (green) in SW620 cells infected with the vinculin or control vector. **(C)** Transwell migration and invasion assays for SW480 cells infected with control or vinculin siRNA along with lentiviral vector expressing β-catenin siRNA. Representative images are shown on the left, and the quantification of 10 randomly selected fields is shown on the right. **(D)** Transwell migration and invasion assays using SW620 cells infected with control or vinculin vectors along with lentiviral vector expressing β-catenin.

Vinculin positively correlates with membrane-bound β-catenin in CRC {#Sec6}
-------------------------------------------------------------------

To further investigate the expression levels and possible associations between vinculin and β-catenin in CRC, we measured the expression of vinculin and β-catenin in primary CRC tissue arrays containing 228 cases. Decreased levels of vinculin and β-catenin on the cell membrane were observed in CRC tissues compared to adjacent normal tissues, and immunohistochemistry showed low expression of vinculin in 145 of 228 CRC tissues (63.6%), as opposed to 59 of 228 adjacent non-cancerous tissues (25.9%) (Figure  [4](#Fig4){ref-type="fig"}A, B, Additional file [1](#MOESM1){ref-type="media"}: Table S1). Moreover, diminished expression of membrane-bound β-catenin was also detected in 138 of 228 CRC tissues (60.5%), whereas lack of membrane-bound β-catenin was found in only 36 of 228 adjacent non-cancerous tissues (15.8%) (Figure  [4](#Fig4){ref-type="fig"}A, C, Additional file [1](#MOESM1){ref-type="media"}: Table S1). Furthermore, membrane-bound β-catenin was correlated with high vinculin expression (Figure  [4](#Fig4){ref-type="fig"}D, Additional file [2](#MOESM2){ref-type="media"}: Table S2). Taken together, these results indicated that a low level of vinculin was significantly correlated with the absence of membrane-bound β-catenin.Figure 4**Vinculin positively correlates with membrane-bound β-catenin in CRC.** Tissue microarrays of consecutive immunostained sections were performed using specific antibodies against vinculin and β-catenin. **(A)** Representative images of vinculin and β-catenin protein expression levels in normal and cancer specimens. **(B)** The expression level of vinculin was significantly lower in CRC tissue species than in normal colorectal tissue species (P \< 0.0001, χ^2^ test). The same result was observed for membrane-bound β-catenin (P \< 0.0001, χ^2^ test) **(C)**. **(D)** Membrane-bound β-catenin was positively correlated with vinculin expression in CRC tissues (P \< 0.0001, χ^2^ test).

Low vinculin expression and lack of membrane-bound β-catenin are associated with tumour malignancy in CRC {#Sec7}
---------------------------------------------------------------------------------------------------------

The correlations between vinculin or β-catenin expression and various clinicopathological features of CRC are summarised in Table  [1](#Tab1){ref-type="table"}. There was a statistically significant correlation between differentiation and vinculin expression (P = 0.0021) or β-catenin expression (P = 0.0163). More importantly, the loss of vinculin was associated with lymph node metastasis and organ metastasis (P = 0.0273, P = 0.01078). Node or organ metastasis was also related to the absence of membrane-bound β-catenin expression (P = 0.0027, P = 0.0159), further supporting the relationship between decreased vinculin and the absence of membrane-bound β-catenin in CRC tissues. Interestingly, we found that decreased vinculin expression was significantly associated with vascular invasion (P = 0.0371). Tumour depth was also found to be associated with the absence of membrane-bound β-catenin expression (P = 0.0121). There were no significant differences in these molecules with regard to patient gender, age, tumour stage or location.Table 1**Correlations of Clinico-pathological variables with vinculin and β-catenin expression**VinculinP valueMembrane-bound β-cateninP valueLowHighAbsentPresentTotal cases1458313890GenderMale76490.406871540.2048Female69346736Age\<6055370.330461310.1677\>6090467759DifferentiationWell5951**0.0021\***5654**0.0163\***Morderate62175524Poor24152712Depth of TumorT1-T247320.38663940**0.0121\***T3-T498519950Tumor stageI - II82510.488576570.2716III - IV63326233LocationSignoid38240.757240220.5428Colon /Rectum107599868Vascular invasionNegative7756**0.0371\***85480.2203Positive68275342Node MetastasisNegative7254**0.0273\***6561**0.0027\***Positive73297329Organ metastasisNegative11577**0.0078\***11089**0.0159\***Positive306288Analysis by chi-square criterion or Fisher's exact test.\*P\<0.05.

Low vinculin expression is an independent prognostic factor {#Sec8}
-----------------------------------------------------------

We evaluated the three-year survival rates using the Kaplan-Meier method. Our results showed that vinculin loss was confirmed to be an independent prognosticator for low survival of CRC patients (Figure  [5](#Fig5){ref-type="fig"}A, P = 0.001). Because our results indicated that vinculin and β-catenin are co-expressed in CRC, we set out to detect whether the impact of vinculin on the prognosis of CRC patients was affected by β-catenin expression. Thus, the patients were divided into four groups according to their expression patterns of vinculin and β-catenin: vinculin(High, H)/β-catenin(Membrane-bound, M), vinculin(Low, L)/β-catenin(Non-Membrane-bound, NM), vinculin (H)/β-catenin(NM) and vinculin(L)/β-catenin(M). Survival analysis showed that patients with vinculin(L)/β-catenin(NM) expression endured the lowest overall survival (Figure  [5](#Fig5){ref-type="fig"}B, P \< 0.001). Furthermore, in patients with low and high expression of vinculin, β-catenin(NM) patients showed a decreased survival time compared to β-catenin(M) patients (Figure  [5](#Fig5){ref-type="fig"}C, P \< 0.001; Figure  [5](#Fig5){ref-type="fig"}D, P = 0.042). However, low vinculin was found to result in low survival rates when membrane-bound β-catenin was absent (Figure  [5](#Fig5){ref-type="fig"}E, P = 0.037), but not when membrane-bound β-catenin was detected (Figure  [5](#Fig5){ref-type="fig"}F, P = 0.506).Figure 5**Survival curves of CRC patients according to vinculin and β-catenin expression. (A)** Patients with low vinculin expression showed a significantly poor prognosis than those with high vinculin expression. **(B)** Subgroup analysis of CRC patients with low or high expression of vinculin accompanied with the absence or presence of membrane-bound β-catenin. **(C)** The correlation of membrane-bound β-catenin expression with overall survival among patients with tumours expressing low or high levels of vinculin **(D)**. **(E)** The correlation of vinculin expression with overall survival among patients with tumours with or without membrane-bound β-catenin **(F)**.

A univariate analysis according to the Cox proportional hazard regression model further confirmed these results (Table  [2](#Tab2){ref-type="table"}). Low expression of vinculin in the primary tumour was associated with an increased risk of death (HR: 1.805; 95% confidence interval \[CI\]: 1.262-2.582). Similarly, lack of membrane β-catenin was also associated with higher risk (HR: 2.420; 95% CI: 1.685-3.475). As expected, larger tumour size, vascular invasion, node metastasis and organ metastasis at the time of primary surgery were also associated with poorer survival. Taken together, these results suggest that low vinculin expression is an independent prognostic factor with poor prognosis in colon cancer.Table 2**Univariate and multivariate analysis for overall survival (Cox proportional hazards regression model)**FactorsUnivariate analysisMultivariate analysis ^1^HR95%CIPHR95%CIPGender (male/female)1.1480.825-1.5960.412\-\--Differentiation (well/ moderately, poorly)1.3400.966-1.8600.080\-\--Vascular invasion (absent/present)1.8431.327-2.561**0.0002\***1.4100.996-1.9970.0527Depth of Tumor (T1-T2/T3-T4)1.1850.850-1.4530.317\-\--Node Metastasis (absent/present)2.7391.963-3.820**0.0015\***1.6311.139-2.315**0.0062\***Organ metastasis (absent/present)4.5092.915-6.975**\<0.0001\***5.4013.379-8.634**\<0.0001\***Vinculin expression (high/low)1.8051.262-2.582**0.0012\***2.0481.401-2.995**0.0002\***membrane-bound β-catenin expression (absent/present)2.4201.685-3.475**\<0.0001\***2.0241.402-2.923**0.0019\***^1^Multivariate analysis performed only for variables significant in the univariate analysis.\*P \< 0.05.

Vinculin inhibits EMT in CRC {#Sec9}
----------------------------

Because extensive evidence suggests that translocation of β-catenin from the cell membrane to the nucleus can initiate the EMT process \[[@CR26]\], we speculated that loss of vinculin might impact EMT in CRC. To investigate this hypothesis, we detected the expression of the epithelial differentiation marker E-cad and the mesenchymal marker VIM in CRC cells and tissues. Western blots showed that membrane-bound β-catenin expression as well as E-cad dramatically increased in SW620 cells infected with vinculin vectors, whereas the expression of nuclear β-catenin and VIM were inhibited. In contrast, silencing vinculin in SW480 cells increased the subcellular expression of β-catenin, suppressed the expression of E-cad and upregulated the expression of VIM (Figure  [6](#Fig6){ref-type="fig"}A, B).Figure 6**Vinculin regulates CRC metastasis through β-catenin. (A)** Western blot analysis of vinculin, membrane-bound β-catenin and nuclear β-catenin in SW620 cells infected with vinculin or control vector (left) and SW480 cells transfected with vinculin or control siRNA (right). **(B)** Western blot analysis of E-cadherin and vimentin in SW620 cells infected with vinculin or control vector (left) and of SW480 cells transfected with vinculin or control siRNA (right). **(C)** CRC tissue with high expression of vinculin, membrane-bound β-catenin, positive staining of E-cadherin and negative staining of vimentin. **(D)** CRC tissue with low vinculin expression, the absence of membrane-bound β-catenin, negative staining of E-cadherin and positive staining of vimentin. **(E)** E-cadherin expression was positively correlated with vinculin expression as well as **(F)** with membrane-bound β-catenin in CRC tissues (P \< 0.0001, χ^2^ test; P \< 0.0001, χ^2^ test). **(G)** Vimentin expression was negatively correlated with vinculin expression as well as **(H)** with membrane-bound β-catenin in CRC tissues (P = 0.0274, χ^2^ test; P = 0.0153, χ^2^ test).

To evaluate whether those results could be translated to the clinical setting, immunohistochemistry on tissue arrays was further conducted. The results showed that positive, strong expression of E-cad was detected in vinculin(H)/β-catenin(M) CRC tissues, but not in vinculin(L)/β-catenin(NM) tissues, whereas VIM expression was present in the latter group of CRC tissues, but not in the former (Figure  [6](#Fig6){ref-type="fig"}C, D). Moreover, the results showed that the absence of both vinculin and membrane-bound β-catenin were correlated with decreased E-cad and increased VIM (Figure  [6](#Fig6){ref-type="fig"} E-H, Additional file [3](#MOESM3){ref-type="media"}: Table S3), indicating that loss of vinculin and membrane-bound β-catenin may benefit the process of EMT in CRC.

Discussion {#Sec10}
==========

Metastasis is one of the most distinguished phenotypes of a malignant tumour, and it results in extremely poor prognosis and relatively high recurrence. The phenotypic changes of reduced cell adhesion and increased cell motility drive tumour metastasis \[[@CR33]\]. Recently, accumulating studies have suggested that the loss of vinculin, a protein contributing to cell-cell adhesion, is observed in the development of various cancers and may lead to metastatic changes. In this study, we investigated the biological role and prognostic value of vinculin in CRC metastasis.

Vinculin is a 117-kDa actin-binding protein consisting of 1066 amino acids and is localised on the cytoplasmic face of integrin-mediated cell-extracellular matrix junctions (focal adhesions) and cadherin-mediated cell-cell junctions. Early studies have found that fibroblasts isolated from vinculin-deficient mice showed decreased adhesion strength and faster migration than control cells \[[@CR34]\], and this result was also verified in vinculin-null carcinoma cells \[[@CR16]\]. Recent studies found that poor vinculin labelling in tumours of squamous-epithelial origin appeared to be related to the metastatic potential of the tumour \[[@CR12]\]. Overexpression of vinculin in cancer cells was found to suppress their tumourigenic ability and metaplastic capacity \[[@CR17]\]. These results, which revealed the cell-adhesion reduction and motility increase associated with vinculin loss, indicate the potential involvement of vinculin in tumour metastasis. However, few studies have been performed to determine the biological role of vinculin in CRC metastasis. Thus, we were interested as to whether CRC metastasis, a multistep process that normally begins with the loss of cell-cell adhesion leading to the detachment of cancer cells and invasion of the basement membrane, is related to the loss of vinculin. In this study, the expression of vinculin in several CRC cell lines was determined using qRT--PCR and western blotting. Vinculin expression was significantly decreased in all five CRC cell lines and was lower in SW620 cells compared with the immortal colon epithelial cell line HIEC. Furthermore, the results obtained from clinical CRC tissue also confirmed that vinculin was downregulated in advanced stages of CRC, indicating its possible involvement in both oncogenic transformation and tumour metastasis. We subsequently found that vinculin significantly suppressed CRC cell invasion and metastasis both *in vitro* and *in vivo*. Some studies reported that vinculin-knockout cells were 3-fold less invasive in three-dimensional collagen matrices simulating extracellular matrix (ECM) because the connection between the ECM and the actomyosin cytoskeleton through integrin-type cell-matrix adhesion receptors is facilitated by vinculin \[[@CR35], [@CR36]\]. These studies focused on tractions exerted by these cells to the ECM and cell-ECM adhesions. In our study, however, we explored the effects of vinculin on tumor metastasis, which often develops through several essential steps including not only invading through surrounding ECM, but also loosening of cell-cell adhesions and other steps. Thus it still requires further investigation to elaborate the specific functions of vinculin on cell-cell adhesion and cell-ECM adhesion through which tumor invasion and metastasis takes place.

Vinculin exists in two conformations. In the inactive conformation, the extensive interactions between the head and tail domains prevent detectable binding to most of its ligands \[[@CR19]\]. In the active conformation, displacement of the head-tail interactions leads to a significant accumulation of ternary complexes \[[@CR37]\]. Vinculin activation requires several binding partners, such as talin \[[@CR19]\], α-actinin \[[@CR20]\], α-catenin \[[@CR21]\], β-catenin \[[@CR22]\] or paxillin \[[@CR8]\], to fully unmask its binding sites and continue its localisation to focal adhesions. Several studies have indicated the close interaction between vinculin and β-catenin. Vinculin plays a critical role in maintaining the beta-catenin-MAGI-2 interaction in epithelial cells \[[@CR38]\]. Moreover, β-catenin was found to be required to recruit vinculin to the cell cortex and to strengthen the junction's association with the underlying cytoskeleton in response to tension \[[@CR39]\]. Furthermore, researchers found that the interaction between vinculin and β-catenin is crucial for the stabilisation of E-cad at the cell surface \[[@CR23]\], which is considered to be associated with inhibition of tumour metastasis \[[@CR40]\]. In this study, we found that vinculin modulates CRC metastasis through β-catenin. We confirmed that vinculin and membrane-bound β-catenin are co-expressed in normal tissues and that their expression is partially decreased or lost in CRC tissues. Moreover, our results indicated that vinculin restoration accumulates β-catenin on the cell membrane and that silencing vinculin benefits the translocation of β-catenin. Finally, vinculin-induced cell migration and invasion were reversed by β-catenin. Taken together, these results establish a functional connection between vinculin and β-catenin and confirm that vinculin functions as an anti-metastatic protein in CRC cells by affecting the subcellular location of β-catenin.

Vinculin expression has been associated with squamous cell tumours, and vinculin loss might predict high metaplastic ability and poor prognosis \[[@CR12]\]. A recent study also revealed that the expression of cytoskeletal proteins, including vinculin, talin and tensin, was downregulated and correlated with carcinogenesis, invasion and metastasis of CRC, irrespective of its relative limited-case capacity \[[@CR15]\]. As an important binding partner and a specific activator of vinculin, β-catenin has been found to be associated with CRC survival in several studies \[[@CR31], [@CR41]--[@CR43]\]. The decreased localisation of β-catenin on the cell membrane combined with its increased expression in the cytoplasm and nucleus may be involved in abnormal E-cad expression. This expression pattern also coincides with the poor clinical prognosis of patients with CRC \[[@CR31]\]. Our results indicated that vinculin was associated with membrane-bound β-catenin in CRC. Through analysing the relationship between vinculin or β-catenin and various clinicopathological features, we found that decreased expression of vinculin and β-catenin in the cell membrane is correlated with poor differentiation, extensive tumour invasion and a high incidence of metastasis. Moreover, our analysis of survival of the four groups of CRC patients further revealed that the loss of vinculin together with decreased membrane-bound β-catenin predicted the lowest level of survival. Most importantly, we found that lack of vinculin expression was independently associated with poor prognosis in colon cancer.

Recently, the concept of the epithelial--mesenchymal transition (EMT), which was first reported in early embryonic morphogenesis \[[@CR44]\], has been extended to cancer progression and metastasis \[[@CR45]\]. During EMT, non-motile, polarised epithelial cells embedded via cell-cell junctions in a cell collective dissolve their cell-cell junctions and convert into individual, non-polarised, motile and invasive mesenchymal cells \[[@CR46]\]. Typically, cancer cells experiencing this process show decreased levels of epithelial cell-cell adhesion molecules such as E-cad \[[@CR28]\] and increased levels of mesenchymal cell-cell adhesion molecules such as VIM \[[@CR29]\]. Several studies indicated that vinculin strengthens the mechanical links between adhesion complexes (containing E-cad, β-catenin and α-catenin) and the actin cytoskeleton. It has been reported that vinculin plays a role in the establishment or regulation of the E-cad-based cell adhesion complex in breast cancer cells by directly interacting with β-catenin \[[@CR22]\]. Recent studies also suggest that vinculin is part of a protein complex on the cytoplasmic face of E-cad, which includes β-catenin and its binding partners MAGI-2 and α-catenin \[[@CR38]\]. Researchers further confirmed that this complex is required to stabilise a famous tumour suppressor PTEN \[[@CR39]\]. Taken together, these results suggest that vinculin, through interactions with β-catenin on the cell membrane, may act as an anti-metastatic factor in carcinogenesis. Based on these findings and our results that suggest a positive correlation between vinculin and β-catenin, we hypothesised that the loss of vinculin and β-catenin at the cell surface may be an advantage for EMT and metastasis in CRC. To test this hypothesis, two markers, i.e., E-cad and VIM, which represent epithelial and mesenchymal differentiation, respectively, were examined in CRC cells and tissues, respectively. We found that restoration of vinculin induced the upregulation of E-cad and the downregulation of VIM in CRC cells, while silencing vinculin in CRC cells decreased E-cad expression and increased VIM expression. Using IHC on CRC microarrays, we further identified positive E-cad staining in cancer tissues stained with high vinculin expression and membrane-bound β-catenin, whereas VIM staining was negative. Conversely, the tissues with low expression of vinculin and the absence of membrane-bound β-catenin showed low levels of E-cad and extremely high levels of VIM. These phenomena further suggest that vinculin has multiple roles in EMT and CRC metastasis.

Conclusion {#Sec11}
==========

We have demonstrated that vinculin is significantly downregulated in highly metastatic cells and tissues. Vinculin overexpression can inhibit CRC cell migration, invasion and metastasis both *in vitro* and *in vivo*. Furthermore, vinculin functions as an anti-metastatic protein, and in CRC cells, it functions at least partially by regulating the subcellular location of β-catenin. Furthermore, the loss of vinculin expression is independently associated with poor prognosis in CRC. Hence, we believe that vinculin could be a potential new target in the development of therapies for CRC.

Materials and methods {#Sec12}
=====================

Cell culture and tissue collection {#Sec13}
----------------------------------

HIEC, HCT116, Caco2 and HT29 cells were cultured in RPMI-1640 medium (Thermo Scientific HyClone, Beijing, China). SW480 and SW620 cells were maintained in DMEM (HyClone). Paired samples of primary CRC, adjacent normal tissues and lymph node metastatic tissues were obtained from patients who had undergone CRC surgery at Xijing Hospital, Xi'an, China. All samples were clinically and pathologically shown to be correctly labelled. This study was approved by the Hospital's Protection of Human Subjects Committee, and informed consent was obtained from every patient.

Patients {#Sec14}
--------

This study included 228 patients with CRC who underwent surgical therapy at Tianjin Medical University Cancer Institute and Hospital between 2004 and 2008. Paired samples of primary CRC and adjacent normal tissues were obtained from these patients with written informed consent for research purposes. The use of human tissues in this study was approved by the institutional review board of the Fourth Military Medical University and was performed in accordance with the international guidelines for the use of human tissues. Clinical data (including gender, age, grade, stage, tumour depth, differentiation, lymph node and organ metastasis status) were obtained from each patient's medical records. The average age of the group was 61.4 years (range: 18--85 years). A 3-year follow-up was performed on the patients for survival analysis from the date of surgery until the date of death or last follow-up, which ranged from 1 month to 36 months. All patients received postoperative chemotherapy using a fluorouracil-based regimen without neoadjuvant chemotherapy, radiation therapy or immunotherapy. The cases lost to follow-up or those who died of a cause other than CRC were treated as censored data for the analysis of survival rates. Ethical approval to perform this study was obtained from the local Human Research Ethics Committee.

Western blot analysis {#Sec15}
---------------------

Total proteins were prepared from fresh frozen tissue or cultured cell samples by complete cell lysis (Roche, Mannheim, Germany) with protease and phosphatase inhibitors. Cytoplasmic proteins and nuclear proteins were isolated using the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Jiangsu, China). Denatured proteins (20--50 μg) were separated on SDS-PAGE gels and transferred to nitrocellulose membranes. The following primary antibodies were used: vinculin (Millipore, Darmstadt, Germany), β-actin (Sigma-Aldrich Inc., St. Louis, MO, US), β-catenin (BD Bioscience, San Jose, CA, US), Histone (Santa Cruz Biotechnology, Santa Cruz, US), E-cad (Cell Signaling Technology, Boston, MA, US) and VIM (Santa Cruz). The bands were scanned using the ChemiDocXRS+ Imaging System (Bio-Rad) and quantified using Quantity One v4.6.2 software (Bio-Rad).

Real-time quantitative RT--PCR (qRT-PCR) {#Sec16}
----------------------------------------

Total RNA extraction, quality control and one-step qRT-PCR were performed as previously reported \[[@CR47]\]. The data were normalised using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference gene. The PCR primers for vinculin and GAPDH were as follows: vinculin-forward 5′- CCAAAACATGTCTCCTATATCCTGG-3′, vinculin-reverse 5′- GAAGTGTCCTTCAGACAGGG -3′; and GAPDH-forward 5′-ATGTC GTGGAGTCTACTGGC-3′, GAPDH-reverse 5′-TGACCTTGCCCACAGCCTTG-3′. Reverse Transcription PCR was performed using the PrimeScript RT reagent Kit (TaKaRa, Dalian, China) following the manufacturer′s instruction. Quantitative Real-time PCR was performed using the SYBR Premix Ex Taq II (TaKaRa) and measured using a LightCycler 480 system (Roche, Basel, Switzerland). Expression of GAPDH was used as an internal control. 2^-△△CT^ referred to the fold of the RNA expression of one sample compared to the calibration sample.

Lentivirus infection and oligonucleotide transfection {#Sec17}
-----------------------------------------------------

The overexpression and siRNA constructs of vinculin and β-catenin were purchased from GeneChem (Shanghai, China). The constructs containing the vinculin and β-catenin CDS or siRNA sequence and 100 bases of the upstream and downstream regions flanking these sequences were inserted into the pGCSIL-GFP vector. Target cells (1 × 10^5^) were subcultured in 24-well plates and infected with 2 × 10^7^ lentivirus-transducing units in the presence of 5 μg/ml polybrene. Empty lentiviral vector was used as the negative control.

Migration and invasion assays {#Sec18}
-----------------------------

For the migration assays, infected cells were harvested and resuspended in serum-free DMEM medium, and 2 × 10^5^ cells were placed into Boyden chambers (Corning, MA, USA) with an 8.0-μm pore membrane. For invasion assays, 2 × 10^5^ cells were placed into chambers coated with 150 μg of Matrigel (BD Biosciences, Maryland, USA). The chambers were then inserted into the wells of a 24-well plate and incubated for 48 h in DMEM medium with 10% FBS before examination. The cells remaining on the upper surface of the membranes were removed, while the cells adhering to the lower surface were fixed, stained in a dye solution containing 0.05% crystal violet and counted under a microscope (Olympus Corp., Tokyo, Japan) to calculate their relative numbers, as described before \[[@CR48]\]. The results of three independent experiments were averaged.

*In vivo*metastasis assays {#Sec19}
--------------------------

For the *in vivo* metastasis assays, 2 × 10^6^ SW620 cells infected with vinculin vector lentivirus and SW480 cells infected with vinculin siRNA lentivirus were suspended in 200 μl PBS and injected into the tail vein of nude mice (10 in each group, female nu/nu). After 4 weeks, the mice were sacrificed, and tumour tissues derived from various organs were dissected and examined histologically. The nude mice were provided by the Experimental Animal Center of the Fourth Military Medical University. All animal studies complied with the Fourth Military Medical University animal use guidelines and by the protocols approved by the Fourth Military Medical University Animal Care Committee.

Immunofluorescence {#Sec20}
------------------

Indirect immunofluorescence staining for β-catenin in stable SW480 and SW620 cells was performed as previously described \[[@CR49]\].

Tissue microarrays {#Sec21}
------------------

Colorectal cancer tissues or adjacent non-cancerous tissues were made into tissue microarrays using a Tissue Microarrayer (Beecher Instruments, Silver Spring, USA ™) according to the manufacturer's instructions. Briefly, core tissue biopsies (2 mm in diameter) were taken from representative areas of individual, paraffin-embedded tissues. The staining results of the different areas in these tissue array blocks showed excellent agreement. Two to three cores from each case were chosen for analysis. We defined an adequate case as a tumour that occupied 10% of the core area.

Immunohistochemistry (IHC) {#Sec22}
--------------------------

Immunohistochemistry (IHC) was performed on formalin-fixed, paraffin-embedded primary CRC and adjacent normal tissues as described previously \[[@CR50]\]. Briefly, the slides were subjected to antigen retrieval in Target Retrieval Solution, pH 9 (DAKO) with PT Link (DAKO). Tissues were incubated in a mouse monoclonal antibody against vinculin (Millipore, dilution 1:50), β-catenin (BD, dilution 1:100), E-cad (Cell Signal Technology, dilution 1:100) or VIM (Santa Cruz, dilution 1:100). Negative controls were incubated with mouse or rabbit IgGs (DAKO). The percentage of positive cells was divided into four grades (percentage cores) \[[@CR51]\]: \<1% (0), 1--25% (1), 26--50% (2), 51--75% (3) and \>75% (4). The intensity of staining was divided into four grades (intensity scores): negative (0), weak (1), moderate (2) and strong (3). The histological score (H-score) was determined using the following formula: overall scores = percentage score × intensity score. For the vinculin and EMT markers (E-cad and VIM), less than 10% positive staining was deemed negative \[[@CR51]\]. For membrane-bound β-catenin, tumours were considered positive if \>50% of the cells exhibited membrane-bound expression of the protein and negative if the expression was below 50%. However, in reality, staining for membrane-bound β-catenin was very homogenous, with a majority of tumours being either strongly positive for membrane-bound β-catenin, with nearly 100% of the cells expressing β-catenin at the membrane, or completely negative, with \<5% of cells exhibiting immune-reactivity for β-catenin at the cell membrane \[[@CR49]\].

Statistical methods {#Sec23}
-------------------

Continuous data are presented as the means ± s.e.m., and two groups were compared using Student's unpaired t-test. The correlation coefficient between the expression of vinculin and β-catenin was estimated using the Spearman correlation method. The chi-squared value was used to confirm the correlation between EMT markers and vinculin or β-catenin. The association between clinicopathological variables and vinculin/β-catenin expression were examined by χ^2^ tests. The categorical data were analysed by a Fisher's exact test. Overall survival (OS) curves were analysed using the Kaplan--Meier method, and differences were examined using log-rank tests. Cox's proportional hazard regression test was used to estimate univariate and multivariate hazard ratios for prognosis. P values were two sided, and those \<0.05 were considered statistically significant. All analyses were performed with the SPSS software (version 14.0).
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CRC

:   Colorectal cancer

EMT

:   Epithelial-mesenchymal transition

E-cad

:   Epithelia -cadherin

VIM

:   Vimentin

ERK

:   Extracellular signal-regulated kinase

ZEB1

:   Zinc-finger E-box binding homeobox 1

PCR

:   Polymerase chain reaction

GAPDH

:   Glyceraldehyde- 3-phosphate dehydrogenase

siRNA

:   short interfering RNA.
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